Growing plant cells need to rigorously coordinate external signals with internal processes. For instance, the maintenance of cell wall (CW) integrity requires the coordination of CW sensing with CW remodeling and biosynthesis to avoid growth arrest or integrity loss. Despite the involvement of receptor-like kinases (RLKs) of the Catharanthus roseus RLK1-like (CrRLK1L) subfamily and the reactive oxygen species-producing NADPH oxidases, it remains largely unknown how this coordination is achieved. ANXUR1 (ANX1) and ANX2, two redundant members of the CrRLK1L subfamily, are required for tip growth of the pollen tube (PT), and their closest homolog, FERONIA, controls root-hair tip growth. Previously, we showed that ANX1 overexpression mildly inhibits PT growth by oversecretion of CW material, whereas pollen tubes of anx1 anx2 double mutants burst spontaneously after germination. Here, we report the identification of suppressor mutants with improved fertility caused by the rescue of anx1 anx2 pollen tube bursting. Mapping of one these mutants revealed an R240C nonsynonymous substitution in the activation loop of a receptor-like cytoplasmic kinase (RLCK), which we named MARIS (MRI). We show that MRI is a plasma membranelocalized member of the RLCK-VIII subfamily and is preferentially expressed in both PTs and root hairs. Interestingly, mri-knockout mutants display spontaneous PT and root-hair bursting. Moreover, expression of the MRI R240C mutant, but not its wild-type form, partially rescues the bursting phenotypes of anx1 anx2 PTs and fer root hairs but strongly inhibits wild-type tip growth. Thus, our findings identify a novel positive component of the CrRLK1L-dependent signaling cascade that coordinates CW integrity and tip growth.
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receptor-like kinase signaling | cell wall integrity | pollen tube | root hair | Arabidopsis G rowing plant cells are in constant communication with their environment, monitoring external signals that lead to internal reactions. Because cellular growth depends on a tight coordination of external and internal processes, signaling between the extracellular matrix, i.e., the primary cell wall (CW), and the internal growth machinery plays a central role in its regulation. The turgor pressure-resisting CW that shields plant cells from a changing environment exhibits remarkable but seemingly contradictory properties: rigidity and extensibility. Growing cells must find a balance between loosening their CWs sufficiently to allow expansion but not so much that they lose CW integrity. Because any environmental perturbation affecting the properties of the CW can upset this fragile balance, plant cells have developed complex sensing mechanisms to coordinate the state of the CW with the internal growth machinery (1, 2) . These CW sensing mechanisms must be particularly robust in fastgrowing cells, such as the tip-growing root hairs and pollen tubes (PTs), the male gametophytes of flowering plants. PTs elongate rapidly and grow over long distances within female tissues to deliver the sperm cells to the female gametophytes, which are deeply embedded in the ovules. Considering the vast excess of pollen grains that germinate on a receptive stigma, there is strong competition, and PTs must grow as fast as possible to reach unfertilized ovules; otherwise they will not contribute to the next generation. However, PTs must ensure that, while elongating extremely rapidly, they do not lose their integrity. In PTs of the model plant Arabidopsis thaliana, the plasma membrane-localized ANXUR (ANX1 and ANX2) receptor-like kinases (RLKs) play a major role in controlling CW integrity and growth. On one hand, loss of function of the redundant RLKs ANX1 and ANX2 leads to precocious PT rupture shortly after germination, resulting in male sterility (3, 4) . This phenotype also is seen when the ANX-RLKs are degraded by the endoplasmic reticulumassociated degradation pathway in the turan mutant affecting N-glycosylation (5). On the other hand, overexpression of ANXRLKs inhibits pollen germination and PT elongation, most likely because of the oversecretion of CW material (6) . The ANXRLKs and their closest homolog FERONIA (FER) belong to the Catharanthus roseus RLK1-like (CrRLK1L) subfamily that has been investigated extensively as putative CW sensors involved in coordinating cell growth, cell-cell communication, defense against pathogens, and hormone signaling as well as CW remodeling and integrity (reviewed in refs. 7-9). FER, the most thoroughly studied member of this subfamily, controls many developmental processes, such as intercellular communication during fertilization (10) (11) (12) , cell elongation (13), calcium and hormone signaling (10, 14, 15) , mechanosensing (16) , plant Significance Plant cells constantly survey their environment to fine-tune their internal processes. Plant receptor-like kinases (RLKs) of the Catharanthus roseus RLK1-like (CrRLK1L) subfamily have been implicated in many signaling processes, including the coordination of the intracellular growth machinery with the performance of the extracellular matrix, i.e. the cell wall (CW). To avoid loss of integrity and growth and to adapt their CWs to developmental and environmental perturbations, growing plant cells have developed complex sensing mechanisms. The CrRLK1Ls ANXUR1 and ANXUR2 and their closest homolog FERONIA control CW integrity in the tip-growing pollen tubes and root hairs, respectively. Here, we identify and characterize the receptor-like cytoplasmic kinase MARIS as a novel downstream component of the CrRLK1L-dependent signaling cascade that controls CW integrity in tip-growing cells.
defense (17, 18) , and growth control of root hairs (19) . Despite the many reports describing the role of CrRLK1Ls in various signaling processes, the mechanistic basis of their function and their relationship with other pathways remain poorly understood. FER was recently found to mediate the inhibition of primary root growth by forming a receptor-ligand pair with the rapid alkalinization factor 1 (RALF1) peptide (20) . Moreover, it was shown that the intracellular kinase domains of three CrRLK1Ls members are interchangeable and that the various CrRLK1Ls share downstream signaling components (21) . This finding has been confirmed for at least one signaling component so far, namely the reactive oxygen species (ROS)-producing NADPH oxidases, also called "respiratory burst oxidase homologs" (Rboh). It was reported that RbohD/RbohF for THESEUS1 (THE1), RbohC for FER, and RbohH/RbohJ for ANX1/2 act downstream of the CrRLK1Ls in primary roots, root hairs, and PTs, respectively (6, 19, 22) .
Here, we report, based on an anx1 anx2 male sterility suppressor screen, the identification of the receptor-like cytoplasmic kinase (RLCK) MARIS (MRI), a novel component of the CrRLK1L-mediated signaling pathway in tip-growing cells. MRI is expressed preferentially in PTs and root hairs, and its disruption triggers spontaneous bursting of PTs and root hairs. The suppressor mutant carries a R240C amino acid substitution in the activation loop of MRI. Expression of MRI R240C partially rescues the bursting phenotypes of anx1 anx2 and rbohH rbohJ PTs as well as fer root hairs while strongly inhibiting WT tip growth, indicating that this mutant form of MRI overactivates the CrRLK1L-dependent pathway downstream of the NADPH oxidases.
Results
An anx1 anx2 Sterility-Suppressor Screen Identifies Putative Components of the ANX1/2 Pathway. To identify putative downstream components of the ANX1/2 pathway, a forward genetic screen to identify suppressor mutations of the anx1 anx2 PT-bursting phenotype was carried out (Fig. 1A) . We anticipated that rescue of anx1 anx2 PT bursting in vivo by a second site mutation would lead to improved plant fertility characterized by elongated siliques, an easily scorable phenotype. Approximately 7,000 ethyl-methyl sulfonate (EMS)-treated anx1-2 anx2-2 M1 plants were screened for silique elongation, resulting in the identification of ∼30 suppressor mutants, all of which were confirmed to be true double homozygous anx1-2 anx2-2 plants. In all these plants, aniline-blue staining showed rescue of anx1-2 anx2-2 PT growth in vivo as well as normal targeting of unfertilized ovules (Fig. 1B) . Backcrosses of the M1 mutants as pollen donor on the stigmas of the original anx1-2 anx2-2 plants systematically led to elongated siliques, showing that the rescue of PT growth was caused by mutation(s) in the haploid male gametophyte, thus defining the impotence rescued (ipr) class of mutants. Here, we report the identification of one of these ipr mutants, which we named "maris" (mri-3D; see below) after the Etruscan god of fertility and agriculture (23) . The mri-3D suppressor mutation restores in vivo growth of anx1 anx2 PTs, resulting in filled siliques (43 ± 5.4 seeds for mri-3D compared with less than one seed for anx1 anx2 siliques) (Fig. 1B) . To identify the EMS-generated causative lesion in mri-3D, likely a single nucleotide polymorphism (SNP), an SNP-ratio mapping (SRM) approach (24) , was carried out with modifications (SI Material and Methods). Briefly, the SNPs called with Freebayes were fed to a hidden Markov chain-based algorithm that estimates the probability that the SNP is the causative SNP, based on the read data and linkage between the SNPs within each chromosome. For mri-3D/MRI, the top candidate exonic SNP had a ratio of alternate to reference reads of 0.476, very close to the theoretically expected ratio of 0.500 (Datasets S1 and S2) (24) . The affected gene AT2G41970 encodes an uncharacterized RLCK, henceforth referred to as "MARIS" (MRI) (see below). MRI belongs to the family of RLCK-VIII homologs of the tomato Ptointeracting protein 1 (Pti1) and is highly expressed in pollen as well as in roots and root hairs according to publicly available microarray data and previous transcriptomic studies ( Fig. S1A and Table S1 ).
The putative causative SNP in mri-3D is a C-to-T transition at position 718 of the coding sequence of MRI that leads to a nonsynonymous substitution of a perfectly conserved arginine into a cysteine (R240C) in the activation loop of the kinase ( Fig. 1C and Fig. S1B ). All mutant plants used for the SRM approach were heterozygous for this SNP (Fig. S2A) . mri-3D/MRI also displayed partial rescue of the anx1 anx2 PT-bursting phenotype in vitro ( Fig.  1E and Fig. S2C ). All the 20 progenies of selfed mri-3D/MRI were either heterozygous (n = 12), or homozygous (n = 8) for the causative SNP in MRI, suggesting that this mutation confers a reproductive advantage relative to the WT allele in the anx1 anx2 background (Fig. S2B ). As expected, in mri-3D/mri-3D plants, roughly twice as many PTs were rescued from bursting in anx1 anx2 plants as in mri-3D/MRI plants ( Fig. 1E and Fig. S2C ). To confirm that the mutant form MRI R240C was indeed responsible for the suppression of PT bursting in anx1 anx2 plants, anx1/anx1 anx2/ANX2 plants were transformed with MRI R240C -CFP and MRI-CFP fusion constructs under the control of the pollen-specific promoter Lat52 (25) and were compared with previous complementation experiments with ANX1-YFP and ANX2-YFP (6). In the progeny of selfed anx1/anx1 anx2/ANX2 plants with high MRI-CFP expression levels, no homozygous anx1 anx2 individuals could be recovered (n = 85) (Table S2 ). In contrast, homozygous anx1 anx2 individuals could be identified in the self-progeny of anx1/anx1 anx2/ANX2 plants with high MRI R240C -CFP expression levels (n = 13 of 88), similar to the ANX1-YFP and ANX2-YFP fusion proteins (n = 13 of 87) (Table S2 ). Moreover, seed set for three independent MRI R240C -CFP transgenic lines homozygous for anx1 anx2 was 14.6 ± 4.4, 14.2 ± 2.8, and 14.6 ± 3.2 on average, as opposed to less than one seed from untransformed anx1 anx2 plants. These results indicate that MRI R240C -CFP, but not MRI-CFP, can partially rescue anx1 anx2 male sterility in vivo. Furthermore, unlike untransformed anx1 anx2 plants, pollen of homozygous anx1 anx2 plants expressing MRI R240C -CFP was able to produce some PTs in vitro, albeit at a lower rate than by the original mri-3D/MRI mutant (Fig. 1F , three independent lines). These results demonstrate that the MRI R240C mutant protein is indeed responsible for the partial rescue of the anx1 anx2 PT-bursting phenotype observed in the original mri-3D mutant and that MRI R240C exerts a dominant effect over the WT form.
MRI Is a Positive Component of the ANX1/2 Pathway. To understand the role of MRI further, we looked for insertion lines that potentially could disrupt MRI function. Two lines were recovered, CSHL_GT21229 (gene trap line, Ds transposon, Ler), renamed "mri-1," and GABI_820D05 (T-DNA insertion, Col-0), renamed "mri-2" (Fig. 1D) . Although homozygous mri-2 individuals could be retrieved from selfed mri-2/MRI plants, albeit less often than expected, no homozygous mri-1 individuals were identified (n = 353; Table S3 ). Moreover, both distortion of the segregation ratio and analysis of transmission efficiency (TE) showed that both mri-1 and mri-2 were normally transmitted through the female gametophyte but showed no or reduced transmission, respectively, through the male gametophyte (Table S4 ). To understand how the mri-1 and mri-2 alleles affect pollen development, in vitro pollen germination assays were carried out. Because mri-1/MRI was originally in the Ler accession that is recalcitrant to in vitro pollen germination assays, mri-1/MRI was introgressed into the Col-0 background carrying the quartet (qrt) mutation (26) (SI Materials and Methods). Unlike WT segregants, germinated PTs from mri-1/MRI quartets either burst (n = 194) or grew normally (n = 160) in a 1:1 ratio, as expected for the segregating mri-1 allele (two-tailed Fisher's exact test, P = 0.2286) ( Fig. 2A) . Moreover, 64.3% of PTs from mri-2/mri-2 plants (vs. 14.6% of PTs from WT plants) lost integrity and burst in germination assays, similar to the percentages of bursting PTs from homozygous rbohH rbohJ (87.4%) and anx1 anx2 (100%) plants ( Fig. 2 B and C) . Next, we transformed mri-1/MRI plants with pLat52-MRI-YFP and measured PT bursting in four independent mri-1/MRI transgenic T1 lines hemizygous for MRI-YFP. All the lines displayed significantly less PT bursting (30-39%) than untransformed mri-1/MRI plants (56%) (P < 0.001 for all lines, Student's t test) (Fig. 2 D and E) . Moreover, out of 90 plants 29 homozygous mri-1/mri-1 individuals were identified in the subsequent generation, showing that MRI-YFP is functional. Although MRI does not possess a transmembrane domain, MRI-YFP localized to the plasma membrane of growing PTs, possibly through palmitoylation (Fig. 2F) . However, unlike plasma membrane localization of ANX1/2 or RbohH, which shows enrichment at the PT tip (6), MRI-YFP was localized uniformly in the plasma membrane, similar to other pollenexpressed RLCKs (27) . Taken together, our results indicate that mri-1, mri-2, and mri-3D are amorphic, hypomorphic, and hypermorphic alleles of MRI, respectively, and that disruption of MRI leads to a loss of CW integrity during PT growth. Thus, MRI is a positive component of the CW integrity pathway.
Overexpression of the MRI R240C Mutant Form Strongly Inhibits WT Pollen Germination. To study the effect of the R240C mutant form further, WT plants were transformed with both MRI-CFP and MRI R240C -CFP. Previously, we reported that overexpression of ANX1 mildly inhibits pollen germination and PT growth, most likely by triggering overaccumulation of secreted CW material (6) . In transgenic lines with strong expression of MRI-CFP, only a few pollen grains displayed membrane invaginations and CW accumulation (n = 31 of 444 fluorescent PTs) (Fig. 2G) . The occurrence of this phenotype was similar in lines strongly expressing GFP-RbohH (6) but was much lower than in the ANX1-OX lines (n = 65 of 133). This result suggests that the levels of MRI (and RbohH) do not constitute a rate-limiting step in the pathway. Furthermore, 32 homozygous individuals could be identified among 102 Basta-resistant T2 progenies expressing MRI-CFP (three independent transgenic lines). In contrast, no homozygous individual could be retrieved among 106 Bastaresistant T2 progenies expressing the MRI For the latter, MRI-CFP-expressing and nonfluorescent WT PTs were observed in a 1:1.64 ratio, which is significantly different from the expected 1:1 ratio for plants hemizygous for a PTexpressed marker (P = 0.0022, two-tailed Fisher's exact test, n = 330) ( Fig. 3A) , suggesting that MRI-CFP partially inhibits pollen germination. Remarkably, only two very small fluorescent bulges were observed for plants hemizygous for MRI
R240C
-CFP (P < 0.0001, two-tailed Fisher's exact test, n = 240) (Fig. 3A) . This finding was confirmed further by the decreased or almost absent male TE of the MRI-CFP and MRI R240C -CFP transgenes, respectively (TE male for MRI-CFP = 55.7%, n = 503; TE male for MRI R240C -CFP = 5.7%, n = 258). Our results show that, in a WT background, overexpression of MRI and MRI R240C slightly or strongly inhibits pollen germination, respectively, and that they are detrimental to fertilization. These data further indicate that MRI R240C is more active than WT MRI, at least in rescuing anx1 anx2 sterility and inhibiting PT emergence in a WT background.
MRI Functions Downstream of ROS-Producing NADPH Oxidases. To position MRI in the ANX1/2 signaling pathway, we tested whether overexpression of MRI and MRI R240C could rescue partially malesterile rbohH rbohJ mutant plants (6) . All 32 independent T1 lines of rbohH rbohJ with MRI-CFP fluorescence remained partially sterile (e.g., for three independent T1 lines with high CFP expression, seed set was 8.5 ± 3.1, 8.8 ± 3.9, and 9.4 ± 4.2) similar to untransformed rbohH rbohJ plants (7.2 ± 2.1). In contrast, all of the 32 independent T1 lines of rbohH rbohJ with MRI R240C -CFP fluorescence produced elongated siliques with many more seeds (e.g., for three independent T1 lines, seed set was 23 ± 3.5, 28.6 ± 4.1, and 30.2 ± 4.9). In the next generation, we recovered a weak and a strong expressor of MRI R240C -CFP, both of which were fertile despite the rbohH rbohJ mutations (seed set of 25.6 ± 3.9 and 32.2 ± 3.7, respectively), and we compared their in vitro PT bursting rates with that of a strong MRI-CFP expressor (seed set of 4.6 ± 3.9). PTs from rbohH rbohJ plants homozygous for MRI-CFP or untransformed controls burst more frequently in vitro than PTs from rbohH rbohJ fertile plants homozygous for MRI R240C -CFP, although only the bursting rate of the strong MRI R240C -CFP line was significantly lower (P < 0.001, two-tailed unpaired Student's t test) ( Fig. 3 B and C) . These results show that hyperactive MRI R240C , but not WT MRI, can partially rescue rbohH rbohJ male sterility in vivo and in vitro. Thus, MRI acts downstream of both the ANX-RLKs and the NADPH oxidases to control CW integrity in PTs.
MRI Functions Downstream of FER in Root-Hair Growth Control.
Unlike ANX1/2 and RbohH/J, MRI displays significant expression in root hairs, another plant cell type with tip growth (Table S1 ). Because it was reported that FER and RbohC (analogous to ANX1/2 and RbohH/J) functions to maintain root-hair integrity during growth (19), we tested whether MRI could also play a role in roothair growth. First, we measured root-hair length in 5-d-old seedlings grown in agar and homozygous for mri-2 (vs. WT Col-0) and in seedlings homozygous for mri-1 whose male sterility was complemented with the pollen-preferential expression of pACA9-MRI-YFP (vs. WT Ler; see SI Materials and Methods). Both the mri-1 and mri-2 alleles showed much shorter root hairs than their respective WT controls (Fig. 4 A and B) , similar to, but not as short as, the root hairs of plants homozygous for the fer-1 (Ler) (11) and fer-4 (Col-0) (19) alleles. Surprisingly, the strong mri-1 allele displayed a weaker phenotype in root hairs than the weak mri-2 allele. However, the pACA9 promoter also drives weak expression in root hairs (Table  S1 ). It is possible that weak, undetectable expression of MRI-YFP in mri-1 root hairs may partially complement the short-root-hair phenotype. Moreover, in contrast to anx1 anx2 and WT seedlings grown on microagar, mri-3D seedlings expressing the MRI R240C protein in the anx1 anx2 background did not have any elongated root hairs (Fig. 4C ). Microscopic observations of root hairs grown in liquid medium showed that, like fer-4 root hairs, mri-2 root hairs were bursting, whereas mri-3D short root hairs displayed overaccumulation of pectinaceous CW material (Fig. 4D, Figs. S3 and S4, and Movie S1). Taken together, our results show that MRI is essential for PT and root-hair CW integrity, whereas MRI R240C strongly inhibits the growth of both PTs and root hairs. Finally, independent T1 fer-4 seedlings expressing pMRI-MRI R240C -YFP displayed partial rescue of fer-4 root-hair phenotype (Fig. 4E) , indicating that, in root hairs, MRI is a downstream component of FER signaling.
Discussion
During growth, any chemical or physical perturbation of the CW caused by developmental signals, abiotic stresses, and interactions with neighboring cells or microorganisms can potentially cause a cell to stop growing or lose its integrity. For the fast-growing PTs, this growth cessation would lead to a failure in fertilization, necessitating a robust signal transduction network to maintain CW integrity during tip growth. The ANX1/2 RLKs of the CrRLK1L subfamily and their closest homolog FER have been implicated in the control of tip growth in PTs and root hairs, respectively, acting upstream of ROSproducing NADPH oxidases (3, 4, 19) . In this study, we identified MRI, a novel, positive downstream component of these RLK signaling pathways. MRI belongs to the Arabidopsis RLCK-VIII subfamily that shares homology with the tomato Pti1 protein involved in the Pto-mediated hypersensitive response (28) . In tomato, the Pto kinase interacts with and transphorylates Pti1 in the amino acid motif STR at threonine 233; the biological relevance of this interaction awaits further studies (29) . In Arabidopsis, four members of the RLCK-VIII subfamily, namely Pti1-1 (AT1G06700), Pti1-2 (AT2G30740), Pti1-3 (AT3G59350), and Pti1-4 (AT2G47060), interact with the AGC2 kinase OXIDATIVE SIGNAL-INDUCIBLE1 (OXI1) (30, 31) . However, only Pti1-1, Pti1-2, and Pti1-4 appear to be phosphorylated by OXI1 (30, 31) . Interestingly, Pti1-2 and OXI1 kinase activities are induced by ROS-generating stresses (30, 32) . The Arabidopsis oxi1 mutant is more susceptible to pathogens and displays mild root-hair growth defects and less lignin deposition after CW damage (22, (32) (33) (34) . However, to date no mutant phenotype has been reported for any Arabidopsis gene encoding a RLCK-VIII protein.
Here, we show that MRI, a member of the RLCK-VIII subfamily, is preferentially expressed in root hairs and PTs and localizes uniformly at the plasma membrane. Disruption of MRI leads to PT bursting similar to that observed in anx1 anx2 mutants and to root-hair bursting similar to that seen in fer homozygous plants. Furthermore, an R240C amino acid substitution in the activation loop of MRI is sufficient for partial rescue of both the anx1 anx2 and the rbohH rbohJ PT-bursting phenotypes and the fer-4 root-hair-bursting phenotype. Thus, although it is not known whether MRI kinase activity is activated by ROS similar to Pti1-2 (30), our data show that MRI controls CW integrity downstream of ANX1/2 and the NADPH oxidases in PTs and downstream of FER in root hairs. Because OXI1 also is involved in root-hair growth and can phosphorylate different members of the RLCK-VIII subfamily, OXI1 is likely to activate MRI during root-hair growth. In PTs, however, OXI1 expression levels are very low, and it seems more likely that either another member of this family, the AGC2 kinases (group VIII), or a combination of them fulfills this role (Table  S5 ) (35) (36) (37) . Whether CrRLK1Ls, NADPH oxidases, OXI1/ AGC2 kinases, and MRI/Pti1-like proteins are all part of a linear pathway or, more likely, belong to different pathways that orchestrate complex cross-talk to sustain cell growth remains to be addressed. In this regard, the presence of a module composed of OXI/AGC2 kinases and MRI/Pti1-like RLCKs acting downstream of the CrRLK1Ls and NADPH oxidases could potentially allow the integration of inputs generated by biotic or abiotic stresses with the CW integrity pathway (36, 37) . Interestingly, in all the different genetic backgrounds tested, MRI R240C is more efficient than the WT form in activating downstream responses. The question of how the R240C substitution makes MRI more active is intriguing, and several scenarios can be envisioned. First, this amino acid change in the core catalytic domain may enhance MRI kinase activity itself. Second, MRI R240C could be more resistant than MRI to either degradation or inactivation mechanisms. Third, the interaction of MRI R240C with upstream activators or downstream signaling components could be stronger than that of the WT form, resulting in more efficient activation of the downstream responses. In this respect it is noteworthy that, in tomato, Pto phosphorylates Pti1 at T233 in the conserved STR motif of RLCKs-VIII (29) , but in Arabidopsis, OXI1 phosphorylates Pti1-2 at T238 (30) . In MRI, the corresponding conserved threonine is located at position 239, just before R240, which is mutated in mri-3D (Fig. 1C and Fig. S1B ). Therefore it is conceivable that the R240C substitution in MRI facilitates phosphorylation at the neighboring T239 or partially mimics a phosphorylated T239, enabling MRI R240C to be more efficient than MRI in activating downstream components. Future studies combining biochemistry and rescue experiments of mutants in these signaling pathways will be needed to distinguish which of these scenarios best explains the phenotypes triggered by MRI R240C expression. We anticipate that engineering and expressing this type of mutation in the conserved STR motif could be very useful for studying the other unexplored RLCK-VIIImediated signaling pathways.
Materials and Methods
Plant Material, Growth Conditions, and Genotyping of Mutant Alleles. Mutant lines mri-1 and mri-2 with insertions in the MRI gene (At2g41970) were obtained from Cold Spring Harbor Laboratory and the European Arabidopsis Stock Center and correspond to CSHL_GT21229 (Ds element inserted 1,632 bp downstream of the start codon, Ler accession, kanamycin resistance) and GABI_820D05 (T-DNA insertion located 360 bp upstream of the start codon, Col-0 accession, sulfadiazine resistance), respectively (Table S6 and SI Materials and Methods). In Vitro Pollen Growth Assays. In vitro pollen growth assays were carried out as described previously (38) . Briefly, freshly opened flowers were incubated at 22°C for 30 min in moisture incubation boxes and then were brushed on slides containing germination medium [0.01% boric acid, 5 mM CaCl 2 , 5 mM KCl, 1 mM MgSO 4 , 10% (wt/vol) sucrose (pH 7.5), 1.5% (wt/vol) low-melting agarose]. The boxes were preincubated for 35 min at 30°C and then were returned to 22°C for several hours. To determine the percentage of bursting PTs, germinating pollen grains and PTs were imaged with a Leica DM6000 microscope and were analyzed using the ImageJ 1.47d software (rsb.info. nih.gov/ij). All data presented here are the mean ± SEM of three independent experiments with more than 150 pollen grains (or 30 tetrads for the qrt background) scored per genotype and experiment.
Analysis of Root-Hair Length. Root hairs located 1.5-3.5 mm from the primary root tip of 5-d-old seedlings grown in half-strength MS medium (1% sucrose) were observed with a Leica MZ16F stereomicroscope. The length of ∼100 root hairs in focus from at least 18 seedlings per genotype was measured with ImageJ 1.47d. Data are presented as the mean ± SEM of three independent experiments with more than 30 root hairs scored per genotype and experiment. Alternatively, roots from 7-d-old seedlings grown on microagar plates were imaged. For microscopic root-hair observations, 4-d-old seedlings grown on half-strength MS microagar plates were sandwiched between a slide and a coverslip containing 1/10th strength MS liquid medium supplemented with 1% sucrose (Fig. S3) . Emerging root hairs were observed 48 h later with a Leica DM5500 equipped with differential interference contrast (DIC) optics.
